Introduction
Recent accumulating data have revealed multiple functions for the BAG-1 protein. BAG-1 binds tightly to Hsp70/Hsc70-family proteins and modulates their molecular chaperone activity HoÈ hfeld and Jentsch, 1997; Zeiner et al., 1997) . Considering the many Hsp70/Hsc70 functions, which include protein folding, translocation and degradation (Craig et al., 1994) , BAG-1 may participate in broad biological processes linked to Hsp70/Hsc70.
In this regard, BAG-1 was ®rst discovered because of its association with Bcl-2 (Takayama et al., 1995) , an anti-apoptotic protein, which is predicted to undergo conformational changes that permit its integration into membranes for the purpose of forming ion-channels (reviewed in Sharon et al., 1998) . In transfection experiments, overexpression of BAG-1 can prolong cell survival alone or in combination with Bcl-2 overexpression. Murine melanoma B16-BL6 transfectant cells overexpressing BAG-1 have been shown to be resistant to apoptosis and exhibited enhanced pulmonary metastasis (Takaoka et al., 1997) . Overexpression of BAG-1 in a human gastric cancer cell line led to prolonged cell survival against apoptosis induced by cell detachment`anoikis' and increased peritoneal dissemination in animals, which were attributed to its ability to promote cell survival in a detached state (Yawata et al., 1998) . BAG-1 also binds to the receptor for hepatocyte growth factor (HGF) and platelet-derived growth factor (PDGF), resulting in enhancement of protection from apoptosis caused by deprivation of these growth factors (Bardelli et al., 1996) . In addition, BAG-1 has also been shown to form complexes with Raf-1, a serine/threonine protein kinase which is typically bound by Hsp90 in cells (Schulte et al., 1995) . BAG-1 can promote Ras-independent activation of Raf-1 kinase (Wang et al., 1996) . Moreover, BAG-1 modulates the activities of the p53-inducible factor Siah-1 and some steroid hormone receptors (Matsuzawa et al., 1998) , promoting cell growth and survival and conferring resistance to retinoids and antiandrogens (Liu et al., 1998; Kullmann et al., 1998) . Thus, multiple functions have been attributed to BAG-1, and essentially all of these could contribute to malignant cell behaviors.
The most abundant form of the BAG-1 protein is predicted to be 230 and 219 amino acids in length in human and mice, respectively, but longer isoforms of BAG-1 (known as BAG-1M/RAP46 and BAG-1L) have been attributed to alternative translation site initiation form of common mRNAs (Packham et al., 1997; Takayama et al., 1998) . BAG-1 proteins contain a ubiquitin-like domain, the signi®cance of which is presently unknown, and several copies of a EE (A/V/L/ M)T(Q/R/K)(S/T) repeat. The carboxyl-domain of BAG-1 is required for Hsp70/Hsc70 binding and shows weak amino acid sequence homology with bacterial GrpE, an ADP/ATP exchange factor for the prokaryotic chaperone DNaJ (Stuart et al., 1998; Hartl, 1996) . In this regard, BAG-1 has been shown to bind the ATPase domain of Hsc70, promote ADP/ ATP exchange and thereby modulating the chaperone activity in vitro HoÈ hfeld and Jentsch, 1997; Zeiner et al., 1997) . However, in addition to its C-terminal Hsp70/Hsc70 binding site, BAG-1 appears to contain separate regions that mediate interactions with speci®c target proteins.
Considering BAG-1 functions as modulator of molecular chaperone activity, BAG-1 may function in protein translocation, which is linked to many biological activities including cell migration. To further explore the functions of BAG-1, we generated human gastric cancer cell transfectants overexpressing the BAG-1 protein and examined their migratory promotion in vitro and studied the subcellular location of the BAG-1 protein in these cells. We report here colocalization of BAG-1 protein with cytokeratin and actin ®laments, and its concentration at membrane rues, highlighting colocalization with actin. Overexpression of BAG-1 enhanced cell migration of two dierent gastric cancer cell lines. The enhancement of cell motility was associated with neither altered cell morphology nor with enhanced adhesion capacity. Our data reveal a novel function of BAG-1 as a promoter of cell migration, possibly through cooperation with cytoskeletal proteins.
Results
Increase of serum-starvation resistance in BAG-1 overexpressing MKN74 cells BAG-1 is ubiquitously expressed in a variety of normal cell types, but its expression levels vary (Takayama et al., 1995) . In our studies, the well-dierentiated gastric cancer cell line MKN74 expresses BAG-1 at a relatively low level compared with the poorly differentiated gastric cancer line MKN45 (Yawata et al., 1998) . To explore the biological functions of BAG-1 in gastric cancer cells, a bag-1 cDNA encoding the murine BAG-1 protein (Takayama et al., 1995) was stably introduced into MKN74 cells. After selection in neomycin, the BAG-1 transfectants were analysed by immunoblotting using an anti-murine BAG-1 antibody which does not recognize the human BAG-1 protein.
As shown in Figure 1 , BAG-1 expression was undetectable in MKN74 parental cells and MKN74-NEO transfectants. In contrast, markedly elevated levels of the BAG-1 protein were found in the two independent MKN74-BAG-1 (A and B) transfectants (Figure 1a) .
When the MKN74 transfectants were cultured in D-MEM with 10% fetal bovine serum (FBS) or with 20 ng/ml HGF, their growth rates were not significantly dierent (Figure 1b) , indicating that overexpression of BAG-1 protein did not grossly aect cell growth under these conditions. We next analysed the relative sensitivity of the MKN74-BAG-1 and MKN74-NEO transfectants to apoptosis induced by serum-deprivation. At 3 days after serum starvation, MKN74-NEO cell viability began to decrease ( Figure  1 ). At 5 days after starvation, cell viability in the MKN74-BAG-1A, MKN74-BAG-1B and MKN74-NEO cells was 82.2+1.0%, 82.7+2.5% and 57.3+0.6%, respectively (Figure 1c; n=3) . Thus, overexpression of BAG-1 promoted MKN74 cell survival in the absence of serum growth factors. In addition, we also examined DNA fragmentation, re¯ecting the cleavage at internucleosomal sites, generally associated with apoptosis. At 5 days after serum-starvation, easily detectable amount of DNA fragmentation appeared in the MKN74-NEO and Figure 1 Immunoblot analysis and resistance of BAG-1-expressing MKN74 cells against serum starvation. (a) Cell lysates (50 mg/ lane) from parental MKN74 cells and the cells transfected with bag-1 cDNA or the pcDNA3 plasmid alone (NEO) were subjected to SDS ± PAGE/immunoblotting using an antibody speci®c for BAG-1 as described previously (Takayama et al., 1995) . The ®lter was stripped and reprobed with anti-actin antibody to verify loading of equal amounts of protein. 5 /ml in D-MEM without FBS and cultured daily for 5 days. Cell viability was assessed by trypan blue dye exclusion assay. Data represented the mean+s.d. of three independent experiments. Statistical analysis was carried out using the Student's t-test parental MKN74 cells. In contrast, relatively little DNA fragmentation was observed in the MKN74-BAG-1 transfectants under the same conditions (data not shown). From these experiments, we conclude that BAG-1 overexpression prolonged the survival of MKN74 cells subjected to serum starvation for 5 days, but did not aect cell growth grossly.
BAG-1 overexpression promotes MKN74 cell migration
BAG-1 has been reported to associate with the HGF (scatter factor) receptor, a growth factor receptor which is known to promote cell motility (Stoker et al., 1987) , which is sometimes overexpressed in gastric cancers (Di Renzo et al., 1991) . To examine the potential role of BAG-1 in promoting cell migration, the MKN74 transfectants were analysed by goldparticle colloid assay with or without FBS or HGF as described previously (Takaoka et al., 1997) . The MKN74-BAG-1 transfectants exhibited increased migration (approximately 2 ± 3-fold increase) as compared with the MKN74-NEO transfectants and parental MKN74 cells (Figure 2 ). Though BAG-1 can interact with HGF receptors, in our studies, HGF only slightly increased cell migration of MKN74 cells and no signi®cant dierence was noted among the transfectants in their migratory responses to HGF (Figure 2 ). These experiments suggest that BAG-1 promoted cell migration, largely through HGF receptor-independent mechanisms.
The migration of MKN74 cells was also evaluated by another assay, measuring cell penetration of a polycarbonate ®lter pre-coated with collagen (CN). After 48 h incubation in the presence of ®bronectin (FN), the MKN74-BAG-1 transfectants exhibited increased cell migration through ®lters compared to control MKN74 cells (Figure 3 ). The number of cells migrated through ®lters was 1.6 and 1.3-fold higher for the MKN74-BAG-1A and B transfectants, respectively, compared with the MKN74-NEO transfectants ( Figure  3 ). As shown in Figure 3b , the morphology of the BAG-1 transfected cells that passed through ®lters was not signi®cantly dierent from the control transfectants, excluding the possibility that dierent sizes of the transfectants might explain their dierential ability to pass through ®lters. We also evaluated cell penetration capability of MKN74-BAG-1A transfectants at 1 ± 3 days after incubation. MKN74-BAG-1A transfectants also exhibited increased cell migration at these periods compared with control transfectants (Figure 3c ).
BAG-1 overexpression promotes MKN45 cell migration
To investigate whether cell migration promoting eects of BAG-1 are observed in other human gastric cancer cells, we generated the transfectants of the MKN45 cell line that overexpressed BAG-1, and analysed their ability to migration by gold-particle colloid assay. The MKN45-BAG-1 transfectants expressed mBAG-1 (Figure 4) , and exhibited increased ability to migrate (approximately 1.5-fold increase), compared to the MKN45-NEO transfectants (Figure 4) . Thus, the ability of BAG-1 to promote cell migration was con®rmed in at least two independent human gastric cancer cell lines.
Immunolocalization of mBAG-1 protein in MKN74 cells and eects on cell adherence
Indirect immuno¯uorescence microscopy veri®ed that MKN74-BAG-1 transfectants expressed mBAG-1 protein, whereas MKN74-NEO transfectants exhibited little immunostaining. Although the MKN74-BAG-1 transfectants appeared more spread than MKN74-NEO transfectants, rhodamine-phalloidin staining of actin ®laments indicated that they formed few stress®bers in the cytoplasm (Figure 5a) . Interestingly, the intracellular distribution of BAG-1 was similar to that of actin ®bers.
Since reorganization of the actin cytoskeleton is associated with cell adhesion, we next investigated whether overexpression of BAG-1 aected the ability of MKN74 cells to adhere to extracellular matrix (ECM) proteins. Using petri dishes coated with either collagen (CN) or ®bronectin (FN), the relative cell adhesion capability of BAG-1 and control MKN74 cell transfectants was assessed by counting cells attached or unattached. No signi®cant dierence in adhesion capability was observed among the transfectants when plated on these ECM substrates (Figure 5b ). 
Colocalization of BAG-1 with actin and cytokeratin
The similar staining pattern for BAG-1 and actin ®laments prompted us to consider that BAG-1 may colocalize with the cytoskeleton. To explore this, we further investigated cellular localization of BAG-1 and compared it with those of actin or cytokeratin in MKN74-BAG-1A transfectants. Two color confocal immuno¯uorescence analysis revealed that localization of the BAG-1 protein was extensively overlapped with the actin ®laments (Figure 6 ). When the MKN74-BAG-1A transfectants were stimulated with lysophosphatidic acid (LPA), they formed membrane rues. Under these conditions, some of the BAG-1 immunouorescence moved to the tips of membrane rues and highlighted colocalization of BAG-1 with actin ®laments (Figure 6 ). Two color confocal immunofluorescence analysis also revealed that much of the BAG-1 protein colocalized with cytokeratin ( Figure 7) . Some of the BAG-1 immuno¯uorescence was found in nuclei, where cytokeratin was few if any, representing its dierent localization from cytokeratin. Elsewhere in the cell, however, BAG-1 protein was extensively overlapped with cytokeratin ( Figure 7 ). These data suggest that BAG-1 may colocalize with actin and cytokeratins in the cytoplasm, speci®cally at membrane rues.
Discussion
In this paper, we demonstrate a novel function for BAG-1 as a promoter of cell migration. This function could be segregated from BAG-1's eects on cell survival, since cell viability was maintained in both BAG-1 and control transfectants under the conditions used here for assaying cell migration. Moreover, overexpression of BAG-1 had no signi®cant eect on cell adhesion, excluding dierences in cell interaction with ECM as a likely explanation for its ability to promote cell migration.
Cell migration is essential for embryonic development, wound healing, in¯ammatory responses, and tumor metastasis. Despite its biological relevance, the molecular mechanism responsible for cell migration are still only partially understood. Recent studies had identi®ed actin polymerization and depolymerization as crucial events (Cooper, 1991) , and have showed that these processes are regulated by extracellular factors, such as HGF and LPA (Stoker et al., 1987; Hordijk et al., 1994) . Although BAG-1 promotes HGF-mediated growth and anti-apoptotic signaling (Bardelli et al., 1996) , in our study, no signi®cant dierence among the MKN74 transfectants was observed with regards to migratory responses to HGF. In addition, we did not observe signi®cant dierences among our MKN74 cell transfectants with regards to LPA responses, since LPA stimulation produced similar membrane rues formation in all transfectants (data not shown).
Thus far, we do not know how BAG-1 promotes cell migration in MKN74 cells. To preliminarily explore the molecular mechanism(s), we investigated the intracellular localization of the BAG-1 protein.
Our data showing colocalization of BAG-1 with cytokeratin as well as actin, and its concentration at membrane rues suggest that BAG-1 may function in regulation of these cytoskeletal proteins. Together Figure 6 Colocalization of BAG-1 with actin ®laments. Confocal immuno¯uorescence microscopic evaluation of BAG-1 in MKN74-BAG-1A transfectants. The transfectants were cultured on coverslips in 35-mm tissue culture dishes, then ®xed, and immunostained with anti-BAG-1 antibody (B) and TRITC-phalloidin for detection of actin ®laments (A). Composite image (B/A) are provided, showing overlap of BAG-1 and actin ®laments. To generate membrane rues, the transfectants were starved for 4 h in 0.2% BSA-D-MEM and then stimulated with 16 mM LPA for 60 min. BAG-1 concentrated at the tips of membrane rues, apparently colocalizing with actin in these regions. The LPA untreated (7) and treated (+) transfectants are indicated (original magni®cation 6600) with the consideration that membrane rues are located at the leading edges of motile cells (Ridley, 1994) , the colocalization of BAG-1 with actin at membrane rues is of interest for the reasons mentioned above (Cooper, 1991) . Additionally, several investigations have revealed crucial functions of cytokeratins for cell migration. Many epithelial cells express cytokeratin proteins K8, K18 and K19 (Oshima et al., 1988) . Overexpression of cytokeratins with vimentin can lead to increased cell migration (Thompson et al., 1992; Chu et al., 1996) , while overexpression of a dominant negative mutant K18 has been reported to reduce migratory ability in melanoma cells (Hendrix et al., 1992) . These data raise the possibility that BAG-1 may promote cell migration through cooperation with these cytoskeletal proteins.
However, many questions remain to be answered before it can be concluded that BAG-1 promotes cell migration through eects on cytoskeletal proteins. For example, it is crucial to know whether BAG-1 can directly associate with cytokertin and actin. Though immunomicroscopic colocalization of BAG-1 with cytokeratin and apparent concentration of BAG-1 protein at membrane rues support the idea of physical association, this remains to be demonstrated directly. In this context, Hsp70/Hsc70 can bind cytokeratin K8/K18 (Liao et al., 1995) . Since Hsc70/ BAG-1 complexes can bind to various other proteins, it is tempting to speculate that BAG-1 may be able to indirectly bind to cytoskeletal proteins via Hsp70/ Hsc70. Though the nature of the functional relations between Hsp70/Hsc70 and K8/K18 remains uncertain, the evidence that BAG-1 is a regular of Hsp70/Hsc70 chaperone activity HoÈ hfeld and Jentsch, 1997; Zeiner et al., 1997; HoÈ hfeld, 1998) raises the possibilities that BAG-1 may function as a modulator of cytokeratin ®lament assembly. BAG-1 gene disruption experiments will clarify whether loss of BAG-1 function leads to disruption of cell migration.
Together with our previous data showing that antiapoptotic activity of BAG-1 promotes peritoneal dissemination of gastric cancer cells (Yawata et al., 1998) , the ability of BAG-1 to promote cell migration suggest an important role for this protein in tumor invasion and metastasis. Clinical-correlative studies are presently underway to explore the association between high levels of BAG-1 protein and metastatic spread of gastric cancers. 
Materials and methods

Reagents and cell culture
Human gastric cancer cell lines MKN74 and MKN45 cells were provided from Japanese Cancer Research Resources Bank Corp. (Tokyo, Japan). MKN45 and MKN74 cells were derived from poorly dierentiated and well-dierentiated types of gastric cancers, respectively (Asao et al., 1994) . They were maintained in D-MEM supplemented with 10% FBS in a humidi®ed atmosphere of 5% CO 2 -air at 378C.
Transfection of BAG-1 cDNA
The full-length murine bag-1 cDNA (Takayama et al., 1995) was subcloned into the eukaryotic expression pcDNA3 vector (Invitrogen) and transfected into MKN74 and MKN45 cells using a Lipofection technique (BRL).
Immunoblotting
Preparation of anti-mBAG-1 antibody and immunoblotting procedure have been described previously (Takayama et al., 1995; Adachi et al., 1996) . Cells were washed with cold phosphate-buered saline (PBS) and lysed in 100 ml of a buer containing 50 mM Tris-HCl [pH 7.2] 100 mM NaCl, 2 mM EDTA, 10 mM sodium orthovanadate, 1 mM PMSF, and 1% NP-40. Protein concentrations of the lysates were analysed by the Protein Assay kit (BioRad) and each lysate was subjected to SDS ± PAGE, followed by electrophoretical transfer onto Immobilon (Millipore). The blots were incubated with blocking buer containing 3% BSA, 10 mM Tris-HCl [pH 8.2], 140 mM NaCl and 0.01% NaN 3 . Then, they were incubated with 1 mg/ml of anti-mBAG-1 antibody for 2 h in washing solution (10 mM Tris-HCl [pH 7.5], 150 mM NaCl and 0.01% Tween 20) with 2% FBS, and washed several times in washing solution, followed by an additional 1 h of incubation with peroxidase-conjugated antirabbit IgG antibody (Amersham). The blots were developed by a standard ECL method. The blot was subsequently incubated with an anti-actin antibody (Sigma) and actin protein was detected to verify loading of equal amounts of total protein.
Immuno¯uorescence
Cells were grown in culture containing 10% FBS-D-MEM on BSA-coated coverslips, then washed and ®xed with cold ethanol. After washing with PBS three times and blocking with BlockAce (Dainippon Pharm. Co., Tokyo, Japan) for 30 min at 258C, the cells were incubated with 10 mg/ml of rabbit anti-mBAG-1 antibody or equivalent amount of a control rabbit non-immune serum overnight at 48C, washed, and incubated for 1 h with 10 mg/ml of¯uorescein isothiocyanate (FITC)-conjugated anti-rabbit Ig (DAKO, Copenhagen, Denmark). For detection of actin, TRITClabeled phalloidin (Sigma) was used. For cytokeratin, monoclonal anti-cytokeratin peptide 8/18 (Amersham) and TRITC-labeled anti-mouse Ig (DAKO) were used. Confocal imaging was performed using a BioRad MRC-1024 laser scanning. Optical sections were recorded at 0.5 mm. Final images were photographed directly from the VDU screen using a color video copy processor.
Cell migration assay
Cell motility was determined on the basis of phagokinetic tracks on gold particle-coated plates (Albrecht-Buehler, 1977) . Uniform carpets of gold particles were prepared on coverslips coated with bovine serum albumin (BSA) and the colloidal-gold-coated coverslips were placed in 35-mm tissue culture dishes containing D-MEM with or without HGF or FBS. Freshly trypsinized cells (2610 4 cells) were added to each plate and cultured for 48 h. The areas where gold particles had been cleared by a single cell were photographed and their images were analysed by the NIH image software program (Masters et al., 1992) . The particle-free areas where 30 individual cells moved were measured, and the average value was calculated.
Transmigration assay
Transmigration ability was measured with a modi®ed Boyden chamber (Transwell Costar; 12 mm pore size). Freshly trypsinized viable cells (2.5610 5 cells) were seeded into each well in D-MEM containing 0.1% BSA. Each well is separated with a polycarbonate membrane which had been coated with type IV collagen (CN; Cellmatrix type IV, IWAKI GLASS). Fibronectin (10 mg/ml) FN, IWAKI GLASS) was supplied with D-MEM in lower chambers for chemotaxis. Cells which migrated though the membranes were counted.
Cell adhesion assay
A cell adhesion assay was performed in 35-mm plastic dishes, uncoated or coated with dierent ECM proteins, CN (300 mg/ml) and FN (10 mg/ml). Viable cells (10 5 cells) were introduced into the plates and allowed to adhere for 1 h in serum-free D-MEM. Non-adherent cells were carefully collected and counted.
